The ideal gas thermochemical properties such as standard heat of formation, entropy and heat capacities of 112 inorganic and 35 organic neutral compounds, radicals and ions containing silicon were calculated using molecular properties obtained with the G3B3 (or G3//B3LYP) method. Among them were linear and cyclic silanes, silenes, hydrocarbonsilanes, fluorine and oxygen containing compounds. Many of their molecular and thermodynamic properties were calculated for the first time and 16 of them had no CAS No.
INTRODUCTION
Silicon containing substances are widely used and important for the mankind. For example silicon, a crystalline substance at room temperature, is used intensively in photovoltaic and solar cells, in light-emitting devices and by the electronic industry within semiconductors and integrated circuits and therefore silicon is used nearly in every electronic device such as mobile phones, computers and equipment containing control units. On the other hand the commonly known Silicons are polysiloxanes which are polymers. They are widely used as heat resistant rubber-like plastic compounds, but are not part of this publication.
Silicon has a high affinity to oxygen and therefore different silicon oxides exist in dusts and sands or as minerals. Silanes, the analogues compounds to hydrocarbons, are pyrophoric and used as reducing agents in organic and organometallic chemistry and as precursors to elemental silicon in chemical vapor decomposition processes used in the manufacturing of semiconductors and of solar photovoltaic modules. In chemical vapor deposition processes plasma or electric discharge can decompose silanes into more reactive compounds such as radicals, which react instantaneously with the surface. For etching of metal surfaces halogenated silanes as SiF 4 are used.
The thermochemistry of silicon containing substances has received a fair amount of publications which are usually restricted to small inorganic and organic molecules. To the best of our knowledge, ions were investigated before only for the inorganic species.
It was noted that due to experimental problems the calorimetric values reported before 1970 are erroneous [1] .
The first publication including thermochemical tables of diatomic silicon hydride, deuteride and tritide was to our knowledge the NBS monograph No. 20 (1961) [2] by Haar, Friedman and Beckett, which did not include enthalpies of formation values. A few Silicon gaseous compounds were published in the JANAF tables during the 1960's and 1970's [3] . Glushko, Gurvich et al. (1970) [4] published a few tritide containing Silicon inorganic compounds. Gurvich published some Silicon compounds in his different editions (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) [5] ; Walsh recorded the thermochemistry of silicon containing substances in the second part of volume 1, which was edited by Rappoport (1989) [1]. In the same volume H. Schmidt discusses the structure of silicon cations and anions, but does not include thermochemical data. Rappoport and Apeloig updated the former title as volume 2 in three parts (1998) [6] . The thermochemical chapter of Walsh (now chapter 4) was updated by Becerra [6] . Wiberg and coworkers (1995) [7] included a few silicon compounds in their comparison of ab-initio methods; Boo and Armentrout (1987) [8] calculated monosiliconhydrides and deuterides; Broadbelt and coworkers (2004) [9] calculated 135 Silicon-Hydrogen compounds; Ho and Melius (1990) [10] calculated some fluorosilane compounds. Allendorf, Melius et al. (1995) [12] report calculations on Si-O-H compounds, and some of Melius's data from his internal Sandia database were incorporated in the Chemkin thermochemical database (1982) [13] . Lyman and Noda (2001) [14] calculated SiF 4 and Si 2 F 6 compounds, and also Lias et al. (1988) [15] estimated some silicon compounds and cations. Katzer et al. (1997) [31] calculated thermochemical data for more than 140 silicon hydride compounds containing up to five silicon atoms using an validated empirically corrected ab initio methodology for the standard state at 298.15 K. Feller and Dixon (1999) [43] calculated ab initio enthalpies of formation for SiH to SiH 4 , Si 2 H 4 and SiF to SiF 4 . They reported  f H°(0 K) values, which are common in quantum chemical studies, instead of the reference value of 298.15 K, which is commonly used by engineers. We provide calculated heat of formation values for both temperatures to make the comparison of data with different reference temperatures easier. Takhistov and Golovin (2006) [48] did not calculate any new data, but analyzed the existing literature for many elements including silicon and decided by comparison which is the best value. Sukkaew et al. (2014) [16] calculated some Si-C-H compounds. And finally M.C. Lin and coworkers published in 2013-2017 [60] [61] [62] [63] [64] articles about SiH x and Si 2 H y family including some cations.
In 2007 Karton and Martin [52] published a revised value of the heat of formation of the gaseous Silicon atom i.e.  f H°(298K) =452.7 ±0.8 kJ mol -1 calculated by their novel W4 ab-initio method. The value used in this article is  f H°(298K) =450 ±0.8 kJ mol -1 [19] .
Therefore the error bar was enlarged for molecules containing more than three Silicon atoms.
The Group Additivity (GA) contributions for the heat of formation of silicon compounds were discussed and published with reservations by Walsh (1989) [1], slightly extended by Becerra and Walsh [6] , but they do not include GA coefficients for entropy S and heat capacities C p (T). Swihart and Girshick (1999) [32] used the silicon hydrides ab initio data of Katzer et al. (1997) [31] to calculate reliable thermochemical group additivity values for temperatures up to 1500 K. The MIT RMG thermochemical database has included lately (2016) [17] a limited number of silicon compounds, but most of their silicon containing data are at the moment out of context due to wrong connections to group additivity values of carbon compounds instead of silicon group data. On the other hand, West and coworkers (2016) [18] provide in their paper supplement much more reliable thermochemical data of silicon hydrides, which can be used with RMG and other estimating programs.
The aim of this article is to provide ideal gas thermochemical data for inorganic, and organic silicon containing species and their ions calculated by the G3//B3LYP method (G3B3) [21] , which are available in the NASA polynomial format in the supplement and in a popular database [19] . The reason for the adherence where possible to the G3B3 method is to provide to the chemical simulation performer consistent thermochemical data, which are calculated by the same reliable common method as all other compounds before. The temperature dependent results were without exception polynomialyzed by the same program [20] .
Use of unrealistic thermochemical data for some substances, for example through simultaneously use of thermochemical data of different quality, in combination with a reliable chemical reaction model, result normally in wrong model prediction outputs (e.g. species time profiles, global parameter as flame velocities, ignition temperatures and ignition delay times), due to the use of thermochemical data during the automatically calculation of backward reaction rates within the simulation programs.
The polynomial NASA format, described in detail in the Introduction to Reference 19, allows the user to calculate the original thermochemical ideal gas phase values of heat of formation, enthalpy, entropy, heat capacity and Gibbs free energy for temperatures between 200 K and 6000 K at a pressure of 1 bar. The maximal least square error due to the application of the fitting procedure to obtain the NASA polynomials was small; the highest value was less than 0.7% for the heat capacity values.
CALCULATION METHODS
The calculation of the thermochemistry data of the Silicon containing compounds was performed using Bonnie McBride´s NASA PAC program (last updated 2003) [20] . To perform the thermodynamic calculations, the vibrations of the molecule are needed, as well as the molecules moments of inertia, the symmetry of the molecule, its statistical weight (1 for neutral molecule 2 for a radical and the reverse value for the ion) and the standard enthalpy of formation of the molecule. If the molecule has internal hindered rotations, the rotor's moment of inertia, the rotor's symmetry and the rotation barrier were supplied instead of the pertinent low vibrations.
In most cases these molecular data were obtained by applying a variant of G3 theory, the G3//B3LYP variant or usually referred as G3B3 method, where the optimized structures, its moments of inertia, zero point vibrational energies and frequencies are calculated at the B3LYP/6-31G(d) level of theory. Following the recipe of Baboul et al. [21] the G3//B3LYP energy at 0 K can be calculated from the results obtained by sequential single point energy calculations with QCISDT(T,E4T)/6-31G(d); MP4/6-31+G(d); MP4/6-31G(2df,p) and at the end MP2(Full)/gen methods at the optimized structure obtained at the B3LYP/6-31G(d) level of theory. The data obtained were the atomization energies at 0 K and the enthalpies of formation at 0 K and 298.15 K. The moments of inertia and vibrational frequencies were taken from the optimized chemical structure obtained from B3LYP/6-31G(d) calculations and were used without scaling, because in most cases these vibrations were closer to the experimental vibrations. These quantum chemical calculations were performed with the Gaussian 03 set of programs [22] .
To prepare the input for the G3B3 method the molecule was drawn with the Chem3D program [23] and relaxed with the built in MOPAC semi empirical PM3 method [23] . Since Chem3D does not include double bonds for the silicon element, in these cases, the bonding had to be adjusted by hand and the optimization was done solely by the B3LYP/6-31-G(d) level of theory.
The determination of thermochemical data of ions can be done from studies of ion/molecule reactions, by optical spectroscopy and identification of a Rydberg series in a spectrum to get the ionization energy, by different electron or photoionization techniques such as threshold photoelectron-photoion coincidence (TPEPICO) technique or by ab initio calculations. To our knowledge there exist only a very limited number of thermochemical group additivity (GA) values calculated for ions of any kind.
The ions in this study were calculated as the rest of compounds by the G3B3 method and reported by the thermal electron convention. [See Introduction p.17 of Ref. 19] .
The compounds containing the isotopes deuterium and tritium (D and T) were calculated with the B3LYP/6-31G(d) to find their vibrations and moments of inertia. Their enthalpy of formation was calculated from the parent hydrogen molecule according to the formula:
where n is the number of isotope atoms in the molecule, and the zero point energy
A similar equation is used for tritium containing substances.
.804 kJ mol -1 [65] and
kJ mol -1 and the according difference for tritium results in 5.445 kJ mol -1 .
The calculations of the values of isotopic species is listed in Table S6 in the Supplement of this publication.
RESULTS
Thermodynamic data of two groups of silicon containing compounds were calculated. In the first group properties such as standard heat of formation, entropy and heat capacity of 112 inorganic silicon neutral species, radicals and ions were calculated. A lot of attention is placed on silanes, the silicon hydride species, which are analogues substances to the hydrocarbon compounds. At standard conditions (STP), which are 1 bar and 298.15 K, the monosilane and disilane are gaseous and very pyrophoric [53] . From trisilane on, the compounds are liquid at STP, but the pyrophoric property persists to hexasilane.
In the second group thermodynamic properties of 35 organic silicon containing species, including neutral radical and ionic compounds, were calculated.
The thermochemical properties of the species are listed in Tables 1 and 2 at 298.15 K at a standard pressure state of 1 bar. For the temperature range of 200 K to 6000 K the thermochemical properties of the species can be calculated from the 7 term NASA polynomials. They are listed for further use in chemical kinetics and computational fluid dynamics modelling software in Table S 5 in the supplement to this article, which is available free of charge.
DISCUSSION
The Silicon containing closed shell compounds, their radicals and ions have been divided into two categories:
a) The inorganic 112 species b) The 35 organic species All species will be individually discussed below.
In general it should be taken into account that due to experimental problems the calorimetric values reported before 1970 are erroneous [1] and sometimes persist in further publications. Also because the different JANAF publications are reprints of the earlier calculations with a minimal number of new species, the year of the calculation of the pertinent specie is reported, and not the specific edition. The thermochemical data of the non-ionic mono hydrides, deuterides and tritides up to temperatures of 5000 K were first published by Haar, Friedman and Beckett in the NBS Monograph 20 (1961) [2], but the enthalpy of formation was not reported. The diatomic constants were taken from Huber and Herzberg [24] . The JANAF tables (1976) This radical is reported by Katzer et al (1997) [31] as  f H°(298K) = 365.6 kJ mol -1 .
SiF
The present G3B3 result is  f H°(298K) =327.4±15. kJ mol -1 .
The thermochemistry of the cation and anion was not published to our knowledge and the thermal electron G3B3 calculation is  f H°(298K) =1027.4 ±15. kJ mol -1 and  f H°(298K) =79.8 ±15. kJ mol -1 respectively. The cation has no CAS number. The cation and anion were not mentioned in the literature, the anion has no CAS number, and the present thermal electron G3B3 values are  f H°(298K) = 1074.2±20. kJ mol -1 and  f H°(298K) = 204.2±20. kJ mol -1 respectively.
Results for organic carbon containing silicon species:
CH 2 Si, CH 2 Si -Silynemethylidyne HC≡SiH and anion.
The enthalpy of formation of this acetylene type compound was not found in literature, although its structure was calculated [54] . Our G3B3 calculation shows  f H°(298K) = 452.4±8. kJ mol -1 .
The thermal electron G3B3 value for the anion HC≡SiH -is  f H°(298K) = 338.6±8. To the best of our knowledge the enthalpy of formation of phenylsilane, diphenylsilane, triphenylsilane and tetraphenylsilane were never published. Therefore this is the first calculation of phenylsilane using the G3B3 method, which gives  f H°(298K) = 123.06±8. kJ mol -1 . The multi phenylsilanes exceed our computational capacities.
The thermal electron G3B3 value of the phenylsilane anion C 6 H 5 -SiH 3 -lists  f H°(298K)= 164.7±8. kJ mol -1 .
As can be seen from the above report in some cases the results differ between different authors very much and in other cases they agree around some value. Mostly the differences are coming from different advanced experimental as well as computational techniques and resources, which were available at the time of reporting. There are explanations in the different cited articles about this behavior. The most interesting article in this category is that of Prascher et al. (2009) [49] where calculations were performed with the CCSD(T) method using 29 different basis sets and differences of 8 [6] . Most of them were not quoted for this reason in the article. The most striking case is the RMG database [17] where the silicon data are relatively new (2016), and where the difference from other data usually is the highest, due to the erroneously use of carbon instead of silicon group additivity data.
ERRORS
The errors reported in this article are the original values reported in the literature cited. Where no error was given the values were published as it was found. In our G3B3 calculation we have assigned the mean absolute deviation assigned by Baboul et al. [21] "slightly less than 1 kcal/mol or better". The result uncertainty that represents ±2σ of the statistical normal distribution curve which is ~96% confidence limit of the data should be therefore ±8. kJ mol -1 [66] . However as explained in the introduction, because of some uncertainty in the value of the enthalpy of formation of the pure elementary silicon in gaseous state, the error of all compounds containing more than three silicon atoms was increased.
CONCLUSION
The thermochemistry of 112 inorganic silicon containing species and 35 organic silicon containing species were calculated for ideal gas conditions in the temperature range of 200 K to 6000 K and 1 bar by the G3B3 composite method. The enthalpy of formation at 298.15 K was compared with literature values, if available. The thermochemical data calculated are presented as NASA 7 term format polynomials in the supplement of this article.
SUPPLEMENTARY MATERIAL
The supplement to this article contains the vibrations and moments of inertia used to calculate the thermochemical data reported. It also contains the NASA 7 term polynomials for calculation of the thermochemical data of all the species reported. The supplement can be found in the online version of this article.
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